1. Introduction {#sec1}
===============

Insulin secretion plays a central role in glucose homeostasis, and glucose is the most prominent secretagogue for the pancreatic islet β cell [@bib1]. Yet, despite decades of research, we still do not fully understand how the intracellular metabolism of glucose and other fuel stimuli, such as fatty acids and some amino acids, is coupled to the exocytotic release of insulin containing granules. Glucose stimulated insulin secretion (GSIS) is a biphasic process with a rapid first phase followed by a sustained second phase [@bib2]. Glucose stimulation of the β cell results in a rise in the ATP/ADP ratio with associated closure of KATP channels and a rise in intracellular Ca^2+^ that acts as a trigger for insulin release that can be amplified by additional metabolic coupling factors besides adenine nucleotides [@bib1], [@bib3]. Candidate metabolic coupling factors include NADPH [@bib4], reactive oxygen species (ROS) [@bib5], glutamate [@bib6], acyl-CoA compounds [@bib7], [@bib8] and additional lipid signaling molecules [@bib9]. Although there is a general consensus that some lipid signaling molecules play key role in the amplification pathway of GSIS, the nature of these signals has remained elusive [@bib1].

Glucose and free fatty acid (FFA) both increase flux through the glycerolipid/free fatty acid (GL/FFA) cycle in β cells, with its lipogenesis and lipolysis arms [@bib1]. We [@bib10], [@bib11], [@bib12], [@bib13] and others [@bib14], [@bib15] have proposed that the lipolysis segment of the GL/FFA cycle generates signal(s) involved in β cell activation for insulin release. Deletion in the β cell of adipose triglyceride lipase (ATGL) [@bib10] and hormone sensitive lipase (HSL) [@bib11], [@bib13], [@bib15], that respectively catalyze the hydrolysis of triacylglycerol (TG) to diacylglycerol (DAG) and DAG to monoacylglycerol (MAG), resulted in reduced GSIS. On the basis of these observations, we hypothesized that one of the molecules downstream of DAG in the lipolysis cascade (MAG, FFA or glycerol) acts as a metabolic coupling factor [@bib16]. MAG hydrolysis provides FFA and glycerol. Since reduced GSIS in ATGL knockout (KO) islets was not rescued by exogenous FFA [@bib10] and glycerol is not a secretagogue, we hypothesized that this long-searched metabolic coupling factor is MAG.

We recently demonstrated that in the β cell, MAG hydrolysis is conducted by α/β-hydrolase domain-6 (ABHD6), a newly identified MAG hydrolase and that in these cells the expression of the classical MAG lipase is very low [@bib16]. We further showed that 1-MAG, which is produced in response to glucose stimulation of β cells, acts as a coupling factor for GSIS. Furthermore, the level of 1-MAG increases by the suppression of ABHD6 activity either pharmacologically or by its genetic deletion. MAG was found to mediate its effect via activation of the exocytosis regulator protein Munc13-1, thereby enhancing insulin granule exocytosis [@bib16]. The bulk of the evidence for a role of MAG as a coupling factor was obtained using whole body ABHD6-KO mice and we also showed that GSIS is enhanced *in vivo* and *ex vivo* in islets from β cell specific ABHD6-KO (BKO) mice. However, several questions remained with respect to the role of ABHD6 and MAG in the regulation of insulin secretion that are addressed here using islets from BKO mice, where ABHD6 was deleted in β cells at adult stage by tamoxifen-induced Cre expression. Are ABHD6 and MAG involved more globally in β cell activation, that is in the regulation of insulin secretion in response to other fuels besides glucose and non-fuel stimuli? Are they implicated in: the KATP-dependent or independent pathway of secretion; the first or second phase of GSIS; the glucose or fatty acid metabolism or Ca^2+^ signaling?

Our results with BKO mice provide evidence that ABHD6 accessible MAG, which is produced during nutrient metabolism, synergizes with other cellular signals arising from fuel and some non-fuel stimuli to potentiate insulin secretion and that MAG activates the KATP-independent pathway and second phase of secretion. ABHD6 deletion in β cells does not alter glucose and fatty acid metabolism or Ca^2+^ influx. The data highlight the importance of ABHD6 and MAG in regulating insulin secretion in response to all stimuli to control glucose homeostasis, and thus ABHD6 is a potential candidate for developing drugs against type 2 diabetes.

2. Materials and methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

The use of animals for the experiments in this study was approved by the Institutional Committee for the Protection of Animals. C57BL/6N mice were housed at room temperature (22 °C) with 12-h light/dark cycling, with free access to water and standard chow diet (11% fat by energy).

2.2. Generation of BKO mice {#sec2.2}
---------------------------

The generation of inducible BKO mice where ABHD6 is deleted specifically in the β cell has been described before [@bib16]. In our previous report, we made a detailed comparison among wild type (WT), MIP-cre/ERT, and ABHD6 Flox/Flox (Flox) mice for many parameters. We found that WT, MIP-cre/ERT and Flox mice behaved similarly in terms of body weight gain and food intake over 5 weeks following *i.p.* tamoxifen injection, fed and fasting glycemia, islet morphology and β cell mass, oral glucose tolerance test (OGTT) and *ex vivo* GSIS. Based on this observation, in the present, we employed only Flox mice as control mice [@bib16]. Flox mice were bred with Flox/Flox; Mip*cre*^+^ (BKO) mice to obtain 50% littermates as Flox mice and 50% BKO mice. Flox and BKO mice at 8 weeks of age received daily tamoxifen injections (50 mg/kg BW), for 5 consecutive days. Two weeks later, the mice were used for islet isolation.

2.3. Islet isolation {#sec2.3}
--------------------

Pancreatic islets from Flox and BKO mice were isolated as described previously [@bib10]. The isolated islets were handpicked and let to recover by incubation overnight in RPMI 1640, supplemented with 10% FBS and 11 mM glucose (recovery medium).

2.4. MAG, DAG and TG hydrolysis activity {#sec2.4}
----------------------------------------

Procedures for measuring MAG, DAG and TG hydrolysis activities have been described earlier [@bib38]. Briefly, immediately after isolation, islets were washed twice with cold PBS, and then were homogenized in cold PBS. Assays for MAG, DAG and TG hydrolysis using corresponding specific substrates were done with 0.5 μg, 0.5 μg or 10 μg protein, respectively, per assay. MAG hydrolysis was assayed in 96-well plates, with 1-S-arachidonoylthioglycerol (Cayman Chemical Co) as the substrate, and the released 1-thioglycerol was measured by reaction with ThioGlo-1 (Covalent Associates, Corvallis, OR) to form a fluorescent adduct, measured in a FLUOstar microplate reader instrument (BMG Labtech, Germany). DAG hydrolysis activity was assayed in 96-well plates using p-nitrophenylbutyrate (Sigma Aldrich) as the substrate by monitoring the reaction at 507 nm, in a plate reader. TG hydrolysis activity was measured using EnzChek lipase substrate (Life technologies) and fluorescence (excitation 485 nm; emission 510 nm) was monitored every 30 s for 90 min. Enzyme specific inhibitors were employed in the assays for ascertaining the activity of the enzyme that was being measured. Thus for ABHD6 catalyzed MAG hydrolysis assay, 1 μM WWL70 (Cayman Chemical), an ABHD6 inhibitor [@bib16] was included. For total DAG hydrolysis assay, 1 μM orlistat as DAGL inhibitor since at this low concentration, orlistat inhibits mainly DAGL [@bib38]. For the TG hydrolysis assay, we employed 1 μM Cay10499 as TG hydrolysis inhibitor [@bib38].

2.5. *Ex vivo* insulin secretion {#sec2.5}
--------------------------------

The procedure for insulin secretion using isolated islets has been described [@bib16]. Briefly, after overnight culture in recovery medium, the islets were starved in RPMI 1640 with 10% FBS and 2 mM glucose for 2 h. After starvation, the islets were washed twice with 'enriched' KRBH, which contained 0.5% defatted BSA, 50 μM carnitine, 2 mM Gln and 4 mM glucose. This enriched KRBH, which better matches the physiological milieu [@bib1], was used in order to prevent fuel-depleted conditions that may arise with the commonly used KRBH, which contained only 2.8 mM glucose. Islets were pre-incubated in this enriched KRBH for 45 min, followed by incubation with different concentrations of glucose and in the presence or absence of different fuel and non-fuel stimuli (0.15 mM oleate plus 0.15 mM palmitate, 10 mM α-ketoisocaproate (Kic), 5 mM glutamine plus leucine (Gln plus Leu), 20 nM glucagon-like peptide 1 (GLP1), 35 mM KCl, 200 μM carbamylcholine (Carb) for 1 h. For the experiment regarding the effect of exogenous MAG in the presence of various stimuli, dispersed Wistar rat islet cells were used because MAG is lipophilic and may not access all islet cells within an intact islet but only cells at the periphery. The islets were dispersed into single islet cells by trypsin digestion [@bib17], and the cells were plated into 48-well plates at a density of 1 × 10^5^ cells per well. After 2 days culture in RPMI medium, insulin secretion experiments were performed. Following similar starvation and pre-incubation conditions as described above for islets, the dispersed islet cells were incubated at 6 mM glucose with or without 20 nM GLP-1, 200 μM Carb and 10 mM Kic in the absence or presence of 100 μM 1-palmitolglycerol (1-PG) for 1 h. At the end of the experiments, incubation media were collected for insulin release analysis. Total insulin content was measured after islets or isolated islet cells extraction by a mixture of ethanol and HCl (75%: 1.5%). Insulin was measured using Alphalisa (Perkin Elmer, Waltham, Massachusetts) [@bib16].

2.6. Glucose and fatty acid metabolism {#sec2.6}
--------------------------------------

Glucose oxidation and utilization and fatty acid oxidation were measured as described before [@bib18] with minor modifications. Briefly, for glucose metabolism, the islets were cultured in recovery medium overnight. Then, the islets were starved in RPMI 1640 with 2 mM glucose for 2 h. Batches of 20 islets were pre-incubated in enriched KRBH for 45 min, and then incubated in KRBH containing 0.5 μCi of \[5-^3^H\] [d]{.smallcaps}-glucose (16 Ci/mmol) and 1 μCi/ml \[U-^14^C\] [d]{.smallcaps}-glucose (250 mCi/mmol) at 4, 10, and 16 mM glucose. The incubation was stopped by adding citrate/NaOH buffer (400 mM, pH 4.9) containing antimycin-A (10 μM), rotenone (10 μM), and KCN (5 mM). Glucose oxidation was followed by measuring the generated ^14^CO~2~ after 60 min in KOH trap. Glucose utilization was determined by measuring the ^3^H~2~O produced. For fatty acid oxidation, after a first starvation in RPMI 1640 with 2 mM glucose for 2 h, batches of 50 islets were pre-incubated in enriched KRBH for 45 min and then incubated for 2 h in KRBH containing 0.25% BSA, 0.1 mM palmitate and 0.2 μCi/ml \[9,10(n)-^3^H\]-palmitate (74 kBq/ml) at 4 and 16 mM glucose. The supernatant was collected to separate ^3^H~2~O from radioactive fatty acids and fatty acid oxidation was calculated by measuring ^3^H~2~O produced.

2.7. Intracellular Ca^2+^ measurement {#sec2.7}
-------------------------------------

After overnight recovery of islets as above, the islets were dispersed into single cells by trypsin digestion [@bib17]. The dispersed cells were placed in 96-well black plates with clear bottom at a density of 80,000 cells per well. After overnight culture in RPMI 1640 plus 10% FBS, the cell were pre-loaded in enriched KRBH with 2.5 mM probenicid, 0.2 mM sulfinpyrazone, 0.1 mM 3-isobutyl-1-methylxanthine (IBMX), equal volume of Fura-2 AM (Life technologies) (6 μM) and Pluronic F-127 for 75 min. Then the cells were washed once with enriched KRBH, and incubated in enriched KRBH with 2.5 mM probenicid and 0.2 mM sulfinpyrazone for 30 min. Then the cells were monitored using a plate reader (FLUOstar) with two different excitation filters of 340 nm and 380 nm and with emission at 510 nm. High glucose was added manually to reach a final concentration of 16 mM, and KCl was injected by the machine to reach a final concentration of 35 mM. The intracellular Ca^2+^ was calculated as ratio of fluorescence outputs at 340 nm and 380 nm (F340/F380).

2.8. Perifusion experiments {#sec2.8}
---------------------------

Overnight recovered Flox and BKO islets were starved in RPMI 1640 medium at 2 mM glucose for 2 h. Then batches of 30 islets were placed in the perifusion chambers and perifused at a flow rate of 0.5 ml/min for 45 min in enriched KRBH, followed by perifusion with 16 mM glucose for 30 min, and then with 35 mM KCl for another 30 min. At different time points indicated in the figure legend, 0.5 ml samples were collected and centrifuged for insulin analysis. After the perifusion, the islets were removed from the chamber and extracted with a mixture of ethanol and HCl (75%: 1.5%) to release total insulin for normalization. Insulin was measured by Alphalisa analysis.

2.9. MAG species analysis {#sec2.9}
-------------------------

MAG species analysis was done as described before [@bib16]. Briefly, overnight recovered islets were starved in RPMI 1640 with 2 mM glucose for 2 h, and then pre-incubated in enriched KRBH for 45 min, followed by incubation with low (4 mM) and high (16 mM) glucose in the absence and presence of different stimuli for 1 h. For each condition, 250 islets were used. After the treatment, the islets were collected for lipid extraction in Folch reagent. After lipid extraction, the dried lipids were dissolved in a small volume of chloroform and loaded on silica gel thin layer chromatography plates and developed in the solvent system (Chloroform: acetone: acetic acid = 60:40:1, v/v) to separate 1-MAG and 2-MAG. The bands corresponding to 1-MAG and 2-MAG were scraped and saponified and the released FFAs were extracted by Dole\'s procedure and measured by HPLC. The molar quantity of different FFA species corresponds to the amount of corresponding particular species of 1-MAG and 2-MAG and the total 1-MAG and 2-MAG were calculated by the sum of these individual MAG species.

2.10. Statistical analysis {#sec2.10}
--------------------------

Statistical analyses were performed by Graphpad Prism software. Values were expressed as mean ± SEM. Student\'s t test and one way and two ANOVA were used for inter-group comparisons.

3. Results {#sec3}
==========

3.1. BKO islets display reduced MAG hydrolysis activity {#sec3.1}
-------------------------------------------------------

ABHD6 is known to hydrolyze MAG to glycerol and FFA in various tissues, such as brain, liver, adipocytes and islets [@bib16], [@bib19], [@bib20]. We confirmed [@bib16] that ABHD6 protein levels are reduced in BKO islets by \>90% ([Figure 1](#fig1){ref-type="fig"}A). However, it is not known whether deletion of ABHD6 has any compensatory effects on DAG or TG hydrolysis. Since it has been shown that suppression of DAG hydrolyzing HSL or TG hydrolyzing ATGL hampered insulin secretion [@bib10], [@bib11], [@bib15], it is necessary to ascertain that ABHD6 deletion in β cells has no secondary or compensatory effects on DAG or TG hydrolysis. In order to examine this, we measured the activities of total hydrolysis of MAG, 1,2-DAG and TG in extracts of Flox and BKO mouse islets. ABHD6-specific activity was assayed by measuring the hydrolysis of 1-S-thioarachidonylglycerol in the presence and absence of WWL70, an ABHD6-specific inhibitor. MAG hydrolysis was reduced by 20% in Flox mouse islets in the presence of WWL70 and was similarly reduced by 20% in BKO vs Flox islets. The addition of WWL70 to BKO islet extracts did not further reduce the residual MAG hydrolysis, indicating complete deletion of ABHD6 activity in islet β cells ([Figure 1](#fig1){ref-type="fig"}B). Orlistat has been reported to inhibit *sn*1-DAG lipases at low micromolar concentrations [@bib21] while higher concentrations are needed to inhibit HSL, which also hydrolyzes DAG [@bib14]. Total DAG hydrolysis activity was similar in Flox and BKO islet extracts as well as the orlistat sensitive and the residual activity ([Figure 1](#fig1){ref-type="fig"}C). Similarly, there were no differences in TG hydrolysis activity between Flox and BKO islets and, in both the cases, TG hydrolysis could be equally inhibited by the lipase inhibitor Cay10499 ([Figure 1](#fig1){ref-type="fig"}D). The results demonstrate that deletion of ABHD6 activity in islet β cells does not alter DAG and TG hydrolysis.

3.2. Insulin secretion in response to various fuel and non-fuel stimuli in BKO islets {#sec3.2}
-------------------------------------------------------------------------------------

We have earlier shown that isolated islets from global or β cell specific ABHD6-KO mice show enhanced GSIS [@bib16]. However, the effect of ABHD6 deletion on insulin secretion in response to other fuels and non-fuel stimuli is not known. As noticed earlier [@bib16], deletion of ABHD6 in islets did not affect islet morphology or β cell mass, but increasing glucose concentration to 16 mM resulted in much higher level of insulin secretion in the BKO islets than that in Flox islets ([Figure 2](#fig2){ref-type="fig"}A). The presence of palmitate and oleate (0.15 mM each) elevated insulin secretion at both 4 and 16 mM glucose in control and BKO islets to the same extent ([Figure 2](#fig2){ref-type="fig"}A). ABHD6 deletion had no further enhancing effect on fatty acid-augmented GSIS, in addition to what was noticed at 16 mM glucose alone in the Flox control ([Figure 2](#fig2){ref-type="fig"}E). Besides glucose, a combination of glutamine and leucine is known to stimulate insulin secretion at low glucose concentration [@bib22]. At 4 mM glucose, Gln plus Leu also stimulated insulin secretion in control and in BKO islets ([Figure 2](#fig2){ref-type="fig"}B). Interestingly, similar to what was seen with high glucose concentration, there was nearly 3-fold higher secretion with Gln plus Leu in BKO islets than in Flox islets, indicating that ABHD6 deletion also enhanced amino acid stimulated insulin secretion ([Figure 2](#fig2){ref-type="fig"}B).

Using islets from whole body ABHD6-KO mice, we had previously noticed that besides GSIS, even KCl-stimulated insulin secretion (at 2.8 mM glucose) is also slightly elevated [@bib16]. We now further examined the involvement of KATP-independent amplification mechanism(s) [@bib23] in the elevated insulin secretion seen due to ABHD6 deletion, using BKO mouse islets. The combined use of diazoxide plus an elevated concentration of KCl is a classical way to study the so-called amplifying KATP-independent pathways [@bib23] when β cell \[Ca^2+^\] is elevated maximally and clamped by a depolarizing elevated concentration of KCl in the presence of diazoxide (KATP channels are held open to exclude an effect on these channels). The results indicated that KCl-induced insulin secretion (at 4 mM glucose) was strongly potentiated in BKO islets, compared to Flox islets. We made a similar observation when KATP channels were by-passed, in the presence of elevated KCl, with the use of diazoxide ([Figure 2](#fig2){ref-type="fig"}C) [@bib24]. Thus, ABHD6 deletion caused augmentation of the KATP-independent amplification pathways of glucose signaling for secretion. Kic, which is actively metabolized in the β cell and promotes insulin secretion [@bib25], was found to augment insulin release in both control and BKO islets at 4 mM glucose and this Kic augmented secretion was much higher in BKO islets than in control islets ([Figure 2](#fig2){ref-type="fig"}D). We then examined whether ABHD6 deletion influences GSIS stimulated by GLP1, which acts via Gs-coupled G-protein coupled receptor (GPCR) [@bib26], and by the muscarinic receptor agonist carbamylcholine, which acts via Gq-coupled GPCR [@bib27]. GLP1 considerably augmented GSIS in control and BKO islets and its effect was markedly amplified in BKO islets reaching a very elevated 6% of total insulin content being secreted ([Figure 2](#fig2){ref-type="fig"}D,E). Carb also amplified GSIS in control islets. There was a clear trend of enhancement of its effect in BKO islets (calculated as the difference of Carb effect on the top of 16 mM glucose in BKO vs control islets) but it did not reach statistical significance (p \< 0.1) ([Figure 2](#fig2){ref-type="fig"}E). The results indicate that a signal generated by ABHD6 deletion synergizes with those produced by the non-fuel stimulus GLP1 and possibly with those produced by Carb as well.

In response to glucose, insulin secretion by isolated islets or cultured β cells follows a biphasic process. In order to understand which of these phase(s) of insulin secretion is affected by ABHD6 deletion, we performed perifusion experiments using islets from Flox and BKO mice. Perifusion with 16 mM glucose induced a transient first phase insulin secretion in both control and BKO islets, and there were no differences between Flox and BKO islets in either the amplitude or the time course of first phase secretion peak ([Figure 3](#fig3){ref-type="fig"}A,B). The second phase insulin secretion was very minor in control islets, consistent with previous reports that used mouse islets [@bib17], [@bib28], while it was significantly elevated in BKO islets ([Figure 3](#fig3){ref-type="fig"}A,C), indicating that ABHD6 deletion enhances GSIS mainly by affecting the second phase. BKO islets also exhibited increased insulin secretion during perifusion with 35 mM KCl that followed 16 mM glucose, as compared to control islets, similar to what was observed in static incubations ([Figure 3](#fig3){ref-type="fig"}A,D).

3.3. Intracellular Ca^2+^ in flox and BKO mouse islets {#sec3.3}
------------------------------------------------------

In order to determine whether ABHD6 deletion changes cytosolic Ca^2+^ levels and that such effect could contribute to the enhanced secretion in BKO islets, we measured intracellular Ca^2+^ in Flox and BKO islets in the presence of high glucose or 35 mM KCl. In both control and BKO islets, following glucose addition, cytosolic Ca^2+^ started to increase by 3 min and reached a peak by 10 min; thereafter, intracellular Ca^2+^ started to decrease slowly ([Figure 4](#fig4){ref-type="fig"}A). There were no differences between Flox and BKO islets in the glucose stimulated elevation in cytosolic Ca^2+^. Elevated glucose caused an initial small reduction of cytosolic Ca^2+^ in control but not BKO islets. The reason for the difference in this slight initial reduction in Ca^2+^ between control and BKO islets is not known. This initial reduction in cytosolic Ca^2+^ upon a rise in glucose concentration has been reported before in some islet studies [@bib29] but the basis for this reduction in Ca^2+^ has not been elucidated. It may be related to an accelerated Ca^2+^ uptake by the endoplasmic reticulum due to a rise in the ATP/ADP ratio promoting activation of the Ca^2+^ ATPase transporter. As expected, KCl induced a rapid Ca^2+^ rise in both Flox and BKO islets, and there was no difference between these islets in their Ca^2+^ response ([Figure 4](#fig4){ref-type="fig"}B). These results indicate that ABHD6 deletion-mediated increase in GSIS response by islets is not due to altered Ca^2+^ influx or mobilization form endogenous stores or cytosolic Ca^2+^ concentrations.

3.4. Glucose and fatty acid metabolism in β cells with ABHD6 deletion {#sec3.4}
---------------------------------------------------------------------

Inasmuch as ABHD6 is a metabolic enzyme and its deletion greatly enhances glucose responsiveness of pancreatic islets to secrete insulin, it is important to ascertain whether deletion of ABHD6, a MAG hydrolase, has any effect on glucose or fatty acid metabolism in β cells. In both control and BKO islets, there was significant level of glucose utilization and oxidation at 4 mM glucose, which increased further with increasing glucose concentration. However, there were no differences between Flox and BKO islets ([Figure 5](#fig5){ref-type="fig"}A,B). Fatty acid oxidation negatively correlates with insulin secretion [@bib1]. In the present study, we also noticed that with increasing glucose concentration, fatty acid oxidation was significantly decreased; however, there were no differences between Flox and BKO islets ([Figure 5](#fig5){ref-type="fig"}C).

3.5. MAG levels in BKO islets {#sec3.5}
-----------------------------

We previously reported that total MAG and 1-MAG levels are elevated in glucose concentration-dependent manner in whole body ABHD6-KO mouse islets [@bib16]. However, in order to eliminate the problems and uncertainties associated with global deletion in which ABHD6 is absent right from embryo stage and might affect the expression and activities of other enzymes and factors, we analyzed MAG levels in BKO islets, where ABHD6 was deleted in β cells at adult stage. In order to directly correlate 1-MAG levels with insulin secretion, we measured both 1-MAG and 2-MAG levels in islets incubated with low (4 mM) and high glucose (16 mM) concentration in the presence or absence of 35 mM KCl and 20 nM GLP-1. Islets were incubated under conditions similar to those employed for insulin secretion measurement. The results indicated increased total MAG and 1-MAG levels in BKO islets at basal conditions, and at 16 mM glucose, compared to Flox islets ([Figure 6](#fig6){ref-type="fig"}A,C). 2-MAG levels were only increased at low glucose ([Figure 6](#fig6){ref-type="fig"}B). Addition of GLP1 or KCl had no additional effect on 1-MAG, 2-MAG and total MAG levels ([Figure 6](#fig6){ref-type="fig"}A--C). In agreement with our previous report in whole body ABHD6-KO islets [@bib16], compared to low glucose, elevated glucose increased the levels of the long chain saturated 1-stearoylglycerol (1-SG) and 1-palmitoylglycerol (1-PG), and the levels of these MAG species were much higher in BKO islets ([Figure 6](#fig6){ref-type="fig"}D,E). The level of the monounsaturated 1-oleoylglycerol (1-OG) was not significantly changed in BKO islets in comparison to control islets under all tested conditions ([Figure 6](#fig6){ref-type="fig"}F). There were no significant changes in 2-SG, 2-PG and 2-OG levels in BKO islets except for a rise at low glucose in 2-SG and 2-PG ([Figure 6](#fig6){ref-type="fig"}G--I). Addition of KCl and GLP-1 did not significantly change either 1-MAG or 2-MAG levels under all tested conditions in Flox and BKO islets ([Figure 6](#fig6){ref-type="fig"}D--I). Most of the other 1-MAG and 2-MAG species were too low to be detected, and some unidentified MAG peaks in the HPLC analysis were not considered in the analysis. Thus, ABHD6 deletion that results in enhanced insulin secretion in response to various fuel and non-fuel stimuli is associated with increased levels of long chain saturated 1-MAG species, consistent with their postulated role as signaling molecules for insulin secretion [@bib16].

3.6. 1-MAG amplifies fuel and non-fuel induced insulin secretion {#sec3.6}
----------------------------------------------------------------

If the increase in 1-MAG levels in BKO islets is causally implicated in amplifying the secretory response of various insulinotropic agents, then exogenously added 1-MAG should mimic the effect of ABHD6 deletion. This prediction was verified as indicated in [Figure 7](#fig7){ref-type="fig"}. As the potentiating effects of GLP-1 and Carb on insulin secretion require a glucose concentration higher than basal levels, we performed this experiment using 6 mM instead of 4 mM glucose. Our results indicated that 1-PG amplified the secretion of insulin at 6 mM glucose and the effect of the nutrient stimulus Kic as well as those of the neurohormonal agonists GLP-1 and Carb.

4. Discussion {#sec4}
=============

This study reveals that ABHD6 and MAG play a general role in insulin secretion as they regulate the process not only in response to glucose but also to amino acids (Gln plus Leu) and Kic acting as fuel stimuli, and in response to various non-fuel stimuli (GLP-1, carbamylcholine and a depolarizing concentration of KCl). It also gives information about the mechanisms implicated in this process. Thus, the data indicate that: a) the elevated insulin secretion response of β cells upon ABHD6 deletion is not related to altered DAG or TG hydrolysis; b) ABHD6 deletion enhances insulin secretion promoted by elevated glucose but does not potentiate fatty acid stimulated secretion; c) β cell specific deletion of ABHD6 increases total MAG and 1-MAG in islets at both low and high glucose, and this is specifically due to increased level of saturated long chain 1-MAG species; d) Enhanced GSIS caused by ABHD6 deletion is mediated by KATP/Ca^2+^ independent mechanisms of insulin secretion; e) Augmented insulin secretion in islet deficient in ABHD6 occurs independently of mitochondrial energy metabolism as glucose and fatty acid oxidation remained unchanged in BKO islets.

We have ruled out before [@bib16] the possibility that endocannabinoid receptors that bind 2-arachidonoylglycerol (2-AG), but not saturated MAG, are involved in the MAG-mediated effects on insulin secretion. Thus, a specific antagonist of the CB1 receptor (AM251) and an inverse agonist (AM630) of the CB2 receptor did not alter GSIS. Also 2-AG levels even at high glucose were \<1% of the total β cell MAG, whereas the saturated MAG that rose in the presence of glucose was 100-fold higher as compared to 2-AG and stimulated insulin secretion. Noteworthy, only 2-AG, but not saturated MAG, can bind CB receptors and act as their ligand.

In our earlier study, we showed that global ABHD6 suppression leads to elevated 1-MAG in islets and that 1-MAG activates the exocytosis facilitating protein Munc13-1, thus promoting enhanced insulin secretion [@bib16]. We now show that the effect of ABHD6 deletion occurs on second but not first phase insulin secretion after stimulation by glucose. This is in accordance with a previous study in islets from Munc13-1 deficient mice, in which only second phase GSIS was reduced [@bib30]. However, another study in haplodeficient Munc13-1 mice [@bib31] observed alterations in both phases of secretion, and β cell capacitance determinations in these mice showed reduced exocytosis of both the ready releasable and refilling pools of secretory granules [@bib16]. The reason for the discrepancy among these studies with respect to first phase only and not second phase GSIS is not known. It is possible that second phase GSIS is more sensitive to an elevation in 1-MAG than is first phase, that islet MAG levels were different in the two Munc13-1 deficient islets studies, and that exogenous 1-MAG at a high concentration stimulated both phases in the β cell capacitance study. The fact that ABHD6 deletion does not amplify the glucose induced Ca^2+^ rise and enhances KATP-independent pathways of insulin secretion that are thought to be implicated primarily in second phase of GSIS [@bib23] is consistent with the observation that second phase is enhanced.

What is the possible mechanism whereby second phase GSIS is amplified by ABHD6 accessible MAG in the β cell? It has been suggested that Ca^2+^ binds to synaptotagmin-7, the major Ca^2+^ sensor in β cells for insulin exocytosis [@bib32], [@bib33], to facilitate loosening of cortical actin beneath the plasma membrane and fusion of insulin granule membrane with the plasma membrane. On the other hand, 1-MAG that accumulates in ABHD6 deleted β cells activates Munc13-1 [@bib16], which is essential for forming the SNARE exocytosis complex, by direct interaction with syntaxin-2 [@bib34] and with Rab3 interacting molecule 2 [@bib35]. Thus, we propose that the elevated Ca^2+^ and 1-MAG signals in response to various stimuli synergize for insulin secretion because 1-MAG via its activation of Munc13-1 will promote the formation of novel granules associated to the plasma membrane (enhancement of the readily-releasable pool of granules) that can be fused when the Ca^2+^ signal occurs.

We observed that insulin secretion in response to all tested fuel and non-fuel agents, except for fatty acids, were enhanced in BKO islets. What is the reason for this observation that appears surprising at first sight? A likely explanation lies in the fact that glucose and fatty acid signaling for secretion share common pathways. Both glucose and FFA activate the GL/FFA cycle that generates MAG. FFA also acts via the receptor FFAR1 but a recent study documented that FFAR1 stimulation by FFA enhances the GL/FFA cycle in INS-1 β cells [@bib36]. Thus, unlike the other stimuli (for example GLP1 that acts via cAMP and Ca^2+^ signaling), there may not be a possibility of synergy among glucose and FFA signaling pathways for secretion. Both glucose and FFA converge to signaling MAG that would reach maximal levels for secretion at elevated glucose plus FFA already in control Flox islets, such that secretion cannot be further enhanced in BKO islets.

ABHD6 deletion further augmented GSIS enhanced by both GLP1 and elevated KCl. GLP1 enhances secretion only at high glucose concentration and we observed earlier that GLP1 does not alter lipolysis in islet β cells [@bib37]. Consistent with this we now show that GLP1 does not change MAG levels in islets. How does deletion of ABHD6, which causes MAG buildup, further amplify GLP1 action on insulin secretion? Recent studies showed that GLP1 signaling leads to protein kinase A mediated activation of the Ca^2+^ sensor synaptotagmin-7 in β cells, leading to more efficient GSIS [@bib32]. It is possible that the signals generated by GLP1 receptor via protein kinase-A converge with 1-MAG signaling and have synergistic effect on insulin exocytosis. Depolarizing concentrations of KCl markedly increase Ca^2+^ in β cells and likely the amplification of its effect on secretion in BKO islets is due to a synergy between Ca^2+^ and MAG signaling pathways. Similarly, 1-MAG signaling may amplify the inositol trisphosphate/Ca^2+^ and DAG signaling cascades generated by the Gq receptor agonist carbamylcholine. [Figure 8](#fig8){ref-type="fig"} shows a model proposing how the ABHD6/1-MAG/Munc13-1 network regulates insulin secretion in response to various classes of insulin secretagogues.

5. Conclusion {#sec5}
=============

MAG-mediated GSIS enhancement is a second phase event during insulin secretion and is a KATP and Ca^2+^ influx independent process. The importance of ABHD6 accessible MAG as a signal for insulin secretion is recognized under conditions of fuel stimuli at large and also when secretion is stimulated by various neurohormonal GPCR agonists. The data highlight the importance of ABHD6 and MAG as candidates for developing antidiabetic drugs.
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![BKO islets show reduced MAG hydrolysis activity. (A) Western blot analysis of ABHD6 protein level in Flox and BKO islets. (B) Total MAG hydrolysis activity was measured in the absence and presence of 1 μM WWL70. (C) DAG hydrolysis activity was measured in the absence and presence of 1 μM orlistat. (D) TG hydrolysis activity was measured in the absence and presence of 1 μM Cay10499. Results are Mean ± SEM from three different experiments with pooled islets from 6 to 9 mice in each group. \*p ≤ 0.05 vs Flox mice; \#p \< 0.05 versus BKO mice.](gr1){#fig1}

![Enhanced insulin secretion in response to various fuel and non-fuel stimuli in ABHD6-BKO islets. (A) The effect of glucose and fatty acids (palmitate plus oleate (P/O)) on insulin secretion. Insulin secretion was measured in Flox and BKO islets at basal (4 mM), and high (16 mM) glucose in the absence or presence of 0.15 mM palmitate and 0.15 mM oleate. (B) Effect of glutamine plus leucine on insulin secretion. Insulin secretion was measured at 4 mM glucose in the absence or presence of 5 mM glutamine plus 5 mM leucine. (C) The effect of KCl and diazoxide (DZ) on insulin secretion. Insulin secretion was measured at 4 mM glucose in the absence or presence of 35 mM KCl and 0.1 mM diazoxide. (D) The effect of Kic, GLP1 and Carb on insulin secretion. Insulin secretion was measured at 4 and 16 mM glucose. The effect of Kic was tested at 4 mM glucose, whereas the effect of 20 nM GLP1 and 200 μM Carb were tested at 16 mM glucose. (E) The net calculated effect of fatty acids (P/O), GLP-1 and Kic on the top of 16 mM glucose on insulin secretion. The results show the calculated difference in panel A of insulin secretion at 16 mM glucose in the presence of P/O minus the secretion at 16 mM glucose only, and similar calculation for the true GLP1 and Carb effects on the top of 16 mM glucose in panel D. Mean ± SEM are from three different experiments with totally 9 mice in each groups. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 versus Flox group.](gr2){#fig2}

![Enhanced second phase and KCl-induced insulin secretion in perifused ABHD6-BKO islets. Batches of 30 islets were perifused in enriched KRBH with 4 mM glucose for 45 min, and then followed by KRBH with 16 mM glucose for 30 min and then with 35 mM KCl for another 30 min. Results are Mean ± SEM from 4 different experiments with 8 control mice and 10 BKO mice. (A) The original trace of perifusion study. (B) First phase insulin secretion, calculated area under curve (AUC) between 0 and 10 min (AUC~0--10min~); (C) Second phase insulin secretion, calculated AUC between 10 and 30 min (AUC~10--30min~); (D) KCl-stimulated insulin secretion, calculated AUC between 30 and 35 min (AUC~30--35min~); \*p ≤ 0.05 vs control islets.](gr3){#fig3}

![Cytosolic Ca^2+^ measurements in Flox and BKO islet β cells. Dispersed cells from islets from Flox and BKO mice were used for cytosolic free calcium measurement using a fluorescence plate reader. (A) The effect of high glucose in control and BKO islets. 4G, 4 mM glucose; 16G, 16 mM glucose. (B) Effect of 35 mM KCl on cytosolic Ca^2+^. Mean ± SEM are of 6 different measurements with 10--15 mice per group. Results are expressed as fluorescence ratios (F340/F380).](gr4){#fig4}

![Glucose and fatty acid metabolism in Flox and BKO islets. (A) Glucose oxidation. (B) Glucose utilization. (C) Fatty acid oxidation. Each experiment was performed with pooled islets from 8 mice per group. Mean ± SEM of 6--10 determinations.](gr5){#fig5}

![MAG species levels in Flox and BKO islets. Islets were incubated for 1 h in enriched KRBH at 4 and 16 mM glucose in the presence or absence of 35 mM KCl and 20 nM GLP-1, and then the islets were extracted for lipid analysis. (A) Total 1-MAG levels; (B) Total 2-MAG; (C) Total MAG. (D). 1-stearoylglycerol (1-SG); (E) 1-palmitoylglycerol (1-PG); (F) 1-oleoylglycerol (1-OG); (G) 2-stearoylglycerol (2-SG); (H) 2-palmitoylglycerol (2-PG); (I) 2-oleoylglycerol (2-OG). Mean ± SEM of 5--6 different measurements with 14 mice per group. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 versus corresponding Flox group. \#p \< 0.05 versus Flox at 4 mM glucose (4G).](gr6){#fig6}

![Synergic effect on insulin secretion of 1-MAG with other stimuli in dispersed rat islet cells. Insulin secretion was measured at 6 mM glucose (6G) with or without 20 nM GLP-1, 200 μM Carb and 10 mM Kic in the absence or presence of 100 μM 1-palmitolglycerol (1-PG). Mean ± SEM from 3 different experiments, using 13 rats in total. \*p \< 0.01 versus control-6G; \#p \< 0.05; \#\#p \< 0.01; \#\#\#p \< 0.001 versus corresponding 6G group.](gr7){#fig7}

![Model illustrating how the ABHD6/1-MAG/Munc13-1 network regulates insulin secretion in response to various classes of insulin secretagogues. Glucose and fatty acids enter the glycerolipid/fatty acid (GL/FA) cycle in its lipogenesis arm via the esterification of glucose-derived glycerol-3-phosphate with fatty acyl-CoA. Subsequent lipolysis produces long chain saturated 1-monoacylglycerol that act as a metabolic coupling factor causing insulin secretion via binding and activation of the exocytosis coordinator Munc13-1. Glucose and other fuel stimuli, including Gln, Leu and 2-ketoisocaproate (Kic), produce additional coupling factors (eg ATP, NADPH, ROS, Glutamate, short chain acyl-CoAs) that activate insulin secretion via other mechanisms that synergize, together with an elevation in cytosolic Ca^2+^, with the 1-MAG signal. Non-fuel neurohormonal stimuli, such as glucagon-like peptide 1 and acetylcholine, activate Gs and Gq protein coupled receptors that signal via cAMP and inositol-1,4,5 trisphosphate and diacylglycerol, respectively. These second messengers also synergize with the 1-MAG signal for insulin secretion.](gr8){#fig8}
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